The ankyrin repeat (ANK) is the most common proteinprotein interaction motif in nature, and is predominantly found in eukaryotic proteins. Genome sequencing of various pathogenic or symbiotic bacteria and eukaryotic viruses has identified numerous genes encoding ANKcontaining proteins that are proposed to have been acquired from eukaryotes by horizontal gene transfer. However, the recent discovery of additional ANK-containing proteins encoded in the genomes of archaea and free-living bacteria suggests either a more ancient origin of the ANK motif or multiple convergent evolution events. Many bacterial pathogens employ various types of secretion systems to deliver ANK-containing proteins into eukaryotic cells, where they mimic or manipulate various host functions. Studying the molecular and biochemical functions of this family of proteins will enhance our understanding of important host-microbe interactions.
The family of ANK-containing proteins: definition and history The ankyrin repeat (ANK) is a 33-residue motif that often occurs in tandem arrays, which cooperatively fold into structures that mediate molecular recognition via protein-protein interactions. It is considered one of the most common protein-protein interaction motifs in nature [1] . ANK repeats are named after the human membraneassociated ankyrin protein, which is responsible for the attachment of the cytoskeleton to the plasma membrane [2-3]. The first ANK-containing proteins to be characterized were the yeast cell cycle regulator Swi6/Cdc10 and the Drosophila cell signaling Notch protein [4] [5] [6] . Until recently, it was thought that the members of this protein family were exclusively eukaryotic. They are involved in many cellular functions in eukaryotes, such as inhibition (Ink4, 53BP2) or development of tumors (Bcl3), transcriptional regulation (IkB, Mbp1, RFXANK), cell cycle, oncogenesis, signal transduction, and modulation of the inflammatory response mediated by NF-kB [7] [8] .
The availability of complete genome sequences has revealed the presence of ANK repeats in a vast number of deduced proteins from bacteria, archaea, eukaryotes and viruses. Homology based analyses of protein sequences in non-redundant databases such as Pfam [9] , SMART [10] and INTERPRO [11] show >64000 ANK repeats in 15000 proteins. Most bacterial ANK-containing proteins are found in Proteobacteria, with 1800 sequences believed to have been acquired through horizontal gene transfer (HGT); some of these proteins play important roles in microbial pathogenesis by mimicking or interfering with the host function(s) [1, 12, 13] .
In this review, we discuss recent advances in knowledge of ANK-containing proteins in bacteria and viruses, with emphasis on their structure, function and evolution. Despite the shared basic structure of the motif, microbial ANK-containing proteins appear to perform an impressive variety of functions.
Structure and function of the ANK-containing proteins
In spite of a strong degeneracy of the repeat sequences, multiple sequence alignments reveal a consistent pattern of key residues that preserve the structural integrity of the ANK motif [2, 14] (Figure 1 ). Certain residues in the prokaryotic ANK consensus sequence are more or less prevalent compared with the corresponding residues in eukaryotes. Overall, an ANK motif exhibits a canonical helix-turn-helix conformation. Crystallographic studies on eukaryotic ANK-containing proteins suggest that the two helices are arranged in an antiparallel fashion, and the loop projects outward at an approximately 908 angle to facilitate the formation of hairpin-like b-sheets with neighboring loops [5, 15] (Figure 1b) . Usually, the hairpin-like b-sheet structure consists of the last three residues of the preceding ANK motif and the first four residues of the next motif. The ability of ANK to bind target proteins involves contact through the tips of the b loop (which are exposed to the solvent) and the surface of the helical bundle facing the concave part, also termed the ANK groove [16] . Some residues are well conserved in both eukaryotic and bacterial ANK sequences (Figure 1a) , which preserve integrity of the motif topology. Specifically, a highly prevalent TPLH tetrapeptide at positions 4-7 is involved in initiating the first a-helix and contributes to the stability of the motif [7] . The V/I-V-X-L/V-L-L motif (X being any hydrophilic amino acid) is central to the formation of the second a-helix and contributes to formation of hydrophobic networks within and between ANK motifs to stabilize the protein [14] . The binding site for interacting proteins comprises a cluster of six non-conserved residues in an ANK repeat at the protein surface; these residues determine the specificity of the proteinprotein interaction [7, 17] .
Crystallographic, spectroscopic and biochemical studies reveal that the core structure of the motif is sufficiently malleable to resist considerable sequence variation, while providing a stable scaffold for presenting surface contact residues [18] . The ANK repeats can be deleted or extended one at a time, without compromising the tertiary structure of the whole protein [19] . The tandem repeats exhibit tertiary structure-based elasticity and behave as a linear and fully reversible spring, as verified by atomic force microscopy [19] . In some biological systems, they might behave as multiple buffers linked in series to resist damaging effects of mechanical forces [20] . These physical characteristics of the ANK repeat, along with its inherent ability of self repair and generation of mechanical forces during refolding, might facilitate its use in many biotechnological and medical applications (Box 1).
The ANK repeats pile together to form an elongated structure ideally suitable for the presentation of multiple functional groups and/or recognition elements in a multivalent fashion [19] . The modular stacking of the ANK repeats allows incorporation of additional non-conserved residues that contribute both to the structural stability of the domain and the specificity of binding to the target molecule [14] . Furthermore, as in the cases of other repetitive structural motifs, ANK lends itself to sequence variation in overall domain size by simple sequence duplication or deletion. This allows the ANK fold to recognize and bind to target molecules that vary considerably in size and shape.
Analysis of the domain architecture of some ANK-containing proteins reveals that the ANK domain can co-exist with other functional modules, such as the F-box (a motif found in cyclin-F that interacts with the protein SKP1 [21] ), and domains for ion transport and protein kinase activity. (Table 1 ). Eukaryotic F-box proteins are involved in protein ubiquitination and normally harbor a substratebinding domain such as WD40 (a protein sequence usually ending with Trp-Asp) or LRR (leucine-rich repeat) [22] . ANK domains in non-canonical F-box proteins of microbial pathogens might act as substitutes for substrate-binding domains such as LRR or WD40 [22] . The most common domain partner in ANK-containing proteins is PRANC (Pox proteins repeats of ankyrin C-terminal), which is closely related to F-box and therefore might play a similar role. Proteins containing both ANK and PRANC domains are encoded in the genomes of poxviruses and Rickettsia (Table 1 ). In addition to those shown in Table 1 , other domains found in ANK-containing proteins include: SOCSbox (suppressors of cytokine signaling), zf-DHHC domain (a Zn-finger domain first identified in the Drosophila putative transcription factor DNZ1), ion-transport domain and protein kinase domain [9] . Domains such as the ANK repeat, which participate in diverse domain architectures, are called 'promiscuous' or mobile domains [23] . The promiscuity of the ANK repeat is much lower in bacteria than in eukaryotes (Table 1, Box 2).
Common features of ANK-containing proteins of bacteria The first bacterial gene coding for an ANK-containing protein was identified in Serratia liquefaciens [24] . Subsequently, other members of the protein family have been found in various bacterial taxa (Table 1, Figure 2) . Remarkably, interactions between pathogenic or symbiotic bacteria with their eukaryotic hosts are in part mediated by the secretion of ANK-containing proteins into the host cell [25] . At least seven different protein secretion systems have been described and are designated types I-VII [26] [27] [28] [29] [30] . Legionella pneumophila [13, 31] , Coxiella. burnetii [13] , Anaplasma spp. [32] [33] and Rickettsia spp. [34] translocate their ANK-containing effectors via a type IV secretion system (T4SS). Another interesting case is an ANK-containing protein of Pseudomonas aeruginosa; this is an integral membrane protein in the inner membrane, with its N-terminal domain facing the cytoplasm and its C- 
Box 1. Potential applications of ANK-containing proteins in biotechnology and medicine
The ability of unfolded ANK repeats to generate mechanical forces during their refolding mechanism -acting as springy nanostructures -could be important in the design of nanodevices with an inherent ability of self-repair [19] . Bionanomachines containing ANK repeats might be designed to target different cellular processes that use mechanical forces (e.g. replication, transcription, translation, organelle transport, cell adhesion, membrane fusion, cell crawling) [84] . Moreover, Plü ckthun and colleagues have developed ANKcontaining proteins as an alternative to antibodies [85, 86] . However, unlike most antibodies, these proteins are very stable, do not have disulfide bonds and, therefore, are functional inside the cell [85, 86] . They might be used as tumor-targeting reagents, or as intracellular inhibitors to study and influence signaling inside the cell.
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The AnkA protein of Anaplasma phagocytophilum and Ehrlichia chaffeensis Human granulocytic anaplasmosis is caused by the intracellular bacterium A. phagocytophilum [36] , which infects, survives and propagates in neutrophils [33] . One of its proteins, AnkA, contains 11 ANK repeats in its N-terminal part [37] and is translocated by a T4SS to the host cell, where it localizes to the cytosol and the nucleus [33] . Interestingly, AnkA is phosphorylated by certain tyrosine kinases of the host (Abl-1 and Src) [33] . The tyrosine phsophorylation of AnkA is essential for its interaction with the host SHP-1 (Src homology phosphatase-1) during infection [33] . Once in the condensed chromatin areas, AnkA binds nuclear proteins and forms complexes with AT-rich DNA sequences, some of which are promoter sites, resulting in the modulation of host gene transcription [33, 38] . Recently, it has been shown that the rapid accumulation of AnkA in the nucleus of infected cells is accompanied by decreased transcription of the host CYBB locus where different transcriptional regulators bind [39] .
Both Ehrlichia and Rickettsia harbor an ankA homologue [36] . In E. chaffeensis, AnkA induces a delay of dissociation of the IkB/NF-kB complex, which in turn prevents the translocation of the transcription factor (NF-kB) into the nucleus and results in blocking cytokine synthesis [37, 40] . This might be a result of the ability of E. chaffeensis AnkA to mimic or interfere with the seven ANK repeats present in IkB. The reduced cytokine production Box 2. Origin and evolution of the ANK repeat ANK-containing proteins mediate diverse functions exclusively by facilitating protein-protein interactions. A key question is: how functional diversity is achieved while maintaining the structural integrity of the ANK repeat? Two key properties of the motif contribute to the functional diversity of ANK-containing proteins: (i) its ability to withstand considerable sequence variation (degeneracy) and (ii) its tendency to combine with additional structural and functional motifs (mobility or promiscuity) [87] .
Functional diversity is further enhanced by domain promiscuity: the PFAM database includes 425 unique domain architectures among ANK-containing proteins. Intriguingly, the ANK motif appears to be significantly less promiscuous in bacteria than in eukaryotes: only 12 distinct domain architectures exist in known bacterial and viral genomes (Table 1 ) compared with several hundred in eukaryotes. Why is the ANK repeat more promiscuous in eukaryotes? Increasing phenotypic complexity correlates strongly with increase in domain promiscuity [88] [89] [90] . The reiterated use of any particular domain (e.g. ANK) in combination with several other modules seems central to eukaryotic evolution, in particular to the evolution of lineage-specific signaling networks [24] . Thus, the relative complexity of eukaryotic cellular function (relative to bacteria) might explain the observed differences in ANK promiscuity. Alternatively, the evolution of domain combinations in bacteria might have been limited because of (a hypothetical) recent origin of bacterial ANK-containing proteins; for example, if they were acquired from eukaryotes by HGT [1].
The hypothesis that bacterial ANK-containing proteins are of eukaryotic origin was based on genomic analyses that indicated that some eukaryotic ANK-containing proteins were more similar to prokaryotic proteins than to other eukaryotic proteins. However, recent observations suggest that this hypothesis needs to be reexamined. First, bacterial genomes differ extensively in the number of resident ank genes (encoding ANK-containing proteins), which are more predominant in a-proteobacteria. This suggests the possibility of expansion or deletion of ank genes in bacterial genomes by recurrent duplication of genes or repeats (genes containing sequence repeats are especially susceptible to duplication and deletion) [91] . Second, the discovery of ank genes in archaeal and free-living bacterial genomes indicates a more ancient origin of prokaryotic ANK-containing proteins than that proposed by the HGT hypothesis. Thus, sequence similarity between eukaryotic and prokaryotic ANK-containing proteins might reflect convergent evolution, proposed earlier as a key mechanism for the evolution of nearly identical ANK-containing proteins in C. elegans, Drosophila and mice [92] . This idea is also supported by the fact that these proteins facilitate protein-protein interactions, which are universally used by all living organisms. As more archaeal and free-living bacterial genomes become available, deeper phylogenetic analyses should provide fundamental insights into the origin and evolution of prokaryotic ANK-containing proteins. facilitates bacterial evasion of the immune system. In infected cell cultures, E. chaffeensis AnkA is located in the area of condensed chromatin in the host nucleus [37] . This protein might affect the expression of cell-cycle regulators such as Bcl-3, leading to retention of cells at the border of the G1 and S phases. Bcl-3 contains seven ANK repeats, which are most closely related to those found in IkB proteins [41] . It functions as a transcriptional coactivator through its association with nuclear factor (NF)-kB homodimers [42] . Therefore, by mimicking the Bcl-3 protein in the infected cells, AnkA might inhibit IkB dissociation and NF-kB translocation to the nucleus, resulting in the inhibition of cytokine secretion and downregulation of the inflammatory response. Moreover, both E. chaffeensis and Ehrlichia canis have a protein p200, which contains 21 ANK repeats [43] . Upon infection, E. chaffeensis p200 is translocated to the nuclei of infected monocytes [44] . Within the nucleus, p200 interacts with an adenine-rich motif of the Alu-Sx elements that are located in promoters and introns of various host cell genes [44] . Alu-Sx are the most abundant repetitive elements, and are mainly related to transcription, apoptosis and ATPase activity [45] . This suggests that p200 might affect gene transcription globally in the host cell [44] .
ANK-containing proteins from Legionella pneumophila L. pneumophila is ubiquitous in natural aquatic environments and artificial water systems, where it replicates within protozoan hosts [46] . Once transmitted to humans, L. pneumophila enters the lung, where it infects epithelial cells and alveolar macrophages, causing the person to develop pneumonia [47] . The bacterium resides in a vacuole that evades lysosomal fusion, a process mediated by effectors secreted by a T4SS known as Dot/Icm [48, 49] .
Only 11 out of 15 ank genes (encoding ANK-containing proteins) are shared between the four sequenced genomes of L. pneumophila strains [50, 51] . With the exception of ankH, which is similar to a gene from C. burnetii [52] , ank genes from L. pneumophila do not show clear sequence homologies to other genes in databases [50] , indicating that they are novel. These genes might have been acquired by HGT [53] or they might have evolved through gene duplication and active site convergence, which has been described for many virulence proteins [54] .
All the 11 shared ANK-containing proteins are translocated into the host cell by the Dot/Icm T4SS [31, 52, 55, 56] . One of these effectors, known as AnkX [13] or AnkN [52] blocks microtubule-dependent transport of vesicles from the ER to Golgi [13] . It is possible that AnkX might mimic certain host ANK-containing proteins that are known to facilitate the normal assembly of Golgi membranes [57] . Despite its clear role in blocking ER-to-Golgi vesicular traffic, AnkN/AnkX does not play any detectable role in the intracellular replication of the bacterium [13, 52] .
The AnkB protein of L. pneumophila bears an F-box domain [31, 52] . A mutation in ankB results in a severe defect in replication of the pathogen within human macrophages and protozoan hosts [31] , and within the mouse model of Legionnaires' disease [58] . The F-box domain of AnkB interacts with the host ubiquitination machinery (in particular, with the Skp1 component of the SCF1 ubiquitin ligase) and is essential for decoration of the Legionella- [58] . It has been suggested that AnkB might target certain proteins for ubiquitination by acting as a linker between the protein substrates (which might bind to the ANK domains in AnkB) and the ubiquitination machinery (which appears to interact with the Fbox of AnkB) [58] . Mutations in either ankH or ankJ result in only a moderate defect in intracellular replication in macrophages and amoeba and in the mouse model of Legionnaires' disease [52, 56] . None of the ankB, ankH or ankJ mutants showed defects in evasion from the endocytic vacuole [31, 52] . The host targets for AnkB is Skp1 [58] but the targets for AnkH and AnkJ are still to be identified.
ANK-containing proteins of Coxiella burnetii C. burnetii is the agent of Q fever in humans and of coxiellosis in animals. It is an obligate intracellular bacterium that survives and replicates within large, acidified, phagolysosome-like vacuoles within macrophages [59] . Similar to L. pneumophila, C. burnetii uses a T4SS to deliver its effectors to the host cell [60] and harbors homologues of all the L. pneumophila dot/icm genes coding for the translocation apparatus and chaperons, with the exception of icmR [34] . C. burnetii dot/icm genes are expressed during infection and four of them are complementary to the corresponding L. pneumophila mutants, including the genes for the chaperones IcmS and IcmW [61] . Therefore, L. pneumophila has been used as a surrogate model to study delivery of C. burnetii T4SS substrates [61] . AnkA, AnkB, AnkF and AnkG from the Nine Mile (NM) isolate of C. burnetii are translocated via the L. pneumophila T4SS into the host cell [13] . An antibody generated against AnkF confirmed that this protein is secreted during C. burnetii infection [13] . The amount of secreted AnkF decreased over time after treating the cells with the chloramphenicol (an inhibitor of bacterial protein synthesis) indicating a possible degradation of the protein via the host proteasome [13] . Moreover, addition of a proteasome inhibitor prevented the degradation of AnkF in the chloramphenicol-treated cells [13] . BLAST searches show that C. burnetii possesses a gene (CBUD1380, ankK) that is similar to L. pneumophila ankH, suggesting that it might perform similar functions.
Comparison of the NM genome to those of other isolates (G, K and Dugway) revealed that many ank genes are disrupted in NM, while being intact in the other isolates, indicating a high hetereogenity of ANK-containing proteins in this species [62, 63] . Ten Dugway ANK-containing proteins and one ANK-containing protein specific to the G and K endocarditis isolates are translocated into the host cytosol by the L. pneumophila T4SS [62] . Their C-terminal region (encompassing 10 amino acids) appears to be an essential signal for translocation and some of these effectors required IcmS for secretion [62] . The translocated ANK-containing effectors localized to a variety of subcellular compartments, which suggests that they might perform different functions [62] .
ANK-containing proteins of Wolbachia spp. The gram-negative obligate endosymbiont Wolbachia pipientis infects 20-75% of insect species [64] and some spiders, mites, terrestrial crustaceans and filarial nematodes [65, 66] . Wolbachia is maternally transmitted and can rapidly invade insect populations through the reproductive distortions that it generates in the host [67] . These include cytoplasmic incompatibility (CI), parthenogenesis, male killing, and reversal of genetic sex determination [67] . The CI is a type of embryonic lethality that in its simplest form results when Wolbachia-infected males mate with uninfected females. The CI provides a reproductive advantage to infected hosts and as a result enhances the transmission of Wolbachia in host populations.
Early sequencing and annotation of the genome of a Wolbachia strain (wMel) revealed 23 ank genes [68] . Remarkably, 60 ank genes have been recently found in the genome of a different strain (wPip), making it the highest number reported in a prokaryote [12] . Thirteen of the wPip ank genes are contained in several chromosomally integrated prophage regions, which are similar in sequence to the wMel WO-B prophage [12] . Some of the ANK-containing proteins contain predicted signal peptides and transmembrane domains, suggesting that they might be secreted into the mosquito cell cytoplasm or presented on the surface of the bacterium, and three of them show differences in expression depending on host sex [12] . Of the 60 ank genes in the wPip genome, only 25 are homologous to wMel genes, and of the 23 ank genes found in wMel, 16 show homology to wPip genes. The discrepancy in numbers is a result of the fact that several of the wMel ank genes, mainly associated with prophage regions, are duplicated in the genome of wPip [69] . The expansion of ank genes in the wPip strain [69, 70] and the degree of sequence variability and sex-specific expression in adult mosquitoes suggest an important biological role in endosymbiosis of Wolbachia [12].
Viral ANK-containing proteins
Genomic analysis of viruses that infect eukaryotic cells has revealed a large number of ank genes, especially in the Poxviridae and Polydnaviridae families [71] . Recent studies have implicated viral ANK-containing proteins in host cell tropism and permissiveness [72] , manipulation of host cell ubiquitination machinery [73] , and interference with NF-kB activation through molecular mimicry of IkBa [74] .
The role of viral ANK-containing proteins in host tropism and permissiveness has recently been explored. The M-T5 ANK-containing protein of myxoma virus (MV) enables replication in human cells [75] and interacts directly with two key host factors, Akt and Cullin-1 (Cul-1) [76, 77] . M-T5 binds and activates Akt (a serine/ threonine kinase) resulting in Akt phosphorylation, which allows MV to replicate in human cancer cells [75] . It has been postulated that M-T5 mimics a host ANK-containing protein, PIKE-A, which also binds and activates Akt [75] . M-T5 also mediates host cell tropism and permissiveness by directly interacting with the cell-cycle progression factor, Cul-1 [76] . Cells infected with MV lacking M-T5 are halted at the G0/G1 checkpoint, and this is correlated with increased levels and reduced turnover of the cell cycle regulator p27/Kip, a process that is dependent on Cul-1 [76] . This overcomes the innate antiviral mechanisms that
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Similar to AnkB of L. pneumophila [58] , non-canonical F-box proteins with ANK repeats have been identified in the Poxviridae family [73, 78, 79] . Similar to L. pneumophila [58] , the viral ANK-containing proteins manipulate the host ubiquitination machinery by mimicking the F-box protein component of the SCF1 ubiquitin ligase complex [73, 78] . The orf virus (a poxvirus) harbors five F-box-containing proteins with 7-9 ANK repeats each, and these proteins have been shown to interact directly with components of the host SCF1 ubiquitin ligase [73] . It seems likely that poxvirus F-box proteins, through molecular mimicry, target specific host proteins for ubiquitination and subsequent destruction via the ubiquitin/proteasome pathway, and that this process enables effective viral pathogenesis.
Poxvirus and polydnavirus ANK-containing proteins have been shown to inhibit activation of the host NF-kB pathway that is crucial for stress, immune and pro-inflammatory responses [80] . In another poxvirus, Myxoma, protein MNF (containing nine ANK repeats) interferes with the NF-kB dependent pro-inflammatory response [81] . The eighth ANK repeat is very similar to an ANK repeat in IkBa that mediates nuclear localization of this protein and, therefore, might act via molecular mimicry to interfere with NF-kB signaling [81] .
Polydnaviruses are obligate symbionts transferred to lepidopteran larvae via endoparasitoids [82] . These viruses harbor proteins with up to four ANK repeats that share homology with the NF-kB inhibitor IkBa [83] . It has been postulated that these polydnavirus proteins stably bind to NF-kB, sequestering it in the cytoplasm and downregulating the inflammatory response triggered by NF-kB [74] .
Concluding remarks and future directions
The origin and evolution of microbial ANK-containing proteins is not fully understood (Box 3). Although acquisition by HGT from eukaryotes seems a likely mechanism for endosymbionts and pathogens that associate intimately with their eukaryotic hosts, it does not explain the origin of ANK-containing proteins among free-living bacteria and archaea. We propose two likely scenarios: (i) ANK-containing proteins had an ancient origin before the evolution of eukaryotes or (ii) they evolved independently in different lineages by convergent evolution that selected the modular design of some of these proteins.
The ANK repeats can be deleted or extended one at a time without compromising the tertiary structure of the whole protein, indicating a strong tendency of the ANK repeats to refold. Some microbial ANK-containing proteins clearly play a role in host-pathogen interaction and the evolution of infectious diseases. However, it is likely that continued studies will identify new functions for bacterial and viral ANK-containing proteins. Their functions might involve molecular mimicry of host proteins to modulate key host cell processes to ensure proliferation of the microbe.
Finally, recombinant proteins containing modified ANK domains might be used as probes to study cellular signaling mechanisms, or they could target cancer cells for new antitumor therapies. 
